The increasing role of hair analysis in forensic toxicological investigations principally owes to recent improvements of mass spectrometric instrumentation. Research achievements during the last six years in this distinctive application area of analytical toxicology are reviewed. The earlier state of the art of hair analysis was comprehensively covered by a dedicated book (Kintz, 2007a) , that represents key reference of the present overview. Whereas the traditional organization of analytical methods in forensic toxicology divided target substances into quite homogeneous groups of drugs, with similar structures and chemical properties, the current approach often takes advantage of the rapid expansion of multiclass and multiresidue analytical procedures; the latter is made possible by the fast operation and extreme sensitivity of modern mass spectrometers. This change in the strategy of toxicological analysis is reflected in the presentation of the recent literature material, which is mostly based on a fit-for-purpose logic. Thus, general screening of unknown substances is applied in diverse forensic contexts than drugs of abuse testing, and different instrumentation (triple quadrupoles, time-of-flight analyzers, linear and orbital traps) is utilized to optimally cope with the scope. Other key issues of modern toxicology, such as cost reduction and high sample throughput, are discussed with reference to procedural and instrumental alternatives.
B. Non-Targeted Drug Screening 202
Most of the methods cited in the preceding chapter are specific for a class of drugs. The highly-203 focused objective of these analytical investigations allows one to optimize sample treatment, clean-204 up, and chromatographic conditions in order to maximize recoveries and to meet the acceptance 205 criteria of sensitivity and specificity that lead to accurate quantification for confirmation. However, 206 their applicability in general drug screening for acute intoxication and autopsic analysis appears 207 limited. In practice, these class-specific procedures find useful application when the target analytes 208 can be predicted in advance; for example, in heroin overdose fatalities. 209 In the daily activity of forensic laboratories, it is quite frequent that the target analytes cannot be 210 foreseen, so that a wide range or "general" screening of abused drugs is commonly required, as it 211 occurs in most acute intoxications and post-mortem investigations. Whenever a multitude of 212 candidate substances might represent the cause of intoxication or death, several analytical 213 procedures are likely to be used on the collected biological specimen, with a direct impact on time, 214 costs, and efficiency. For this reason, comprehensive screening procedures of multiclass drugs are 215 progressively introduced into the analytical practice, even if the method conditions should 216 compromise on absolute performances, in terms of recovery, sensitivity, selectivity, and accuracy, 217 due to the presence of target analytes with widely different physico-chemical properties. 218 Even though hair is not the preferred biological matrix to ascertain acute intoxication, hair 219 analysis is frequently commissioned to complete the circumstantial evidences; i.e., to ascertain 220 whether the victim formerly abused drugs or whether any drug was administered to him/her earlier. 221 To meet the high demand for drug screening in hair samples, toxicology laboratories are forced to 222 update their procedures in order to target an ever-increasing number of drugs, but also to achieve 223 rapid, simple, and sensitive testing with reduced sample preparation and fast instrumental 224 processing so as to increase the overall sample throughput. Cordero and Paterson developed and validated a GC/MS protocol to simultaneously quantify 229 fourteen compounds, including some amphetamines, opiates, cocaine and metabolites, diazepam, 230 and metabolite (Cordero & Paterson, 2007) . A two-step derivatization with N-methyl-bis 231 trifluoroacetamide (MBTFA) and N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) + 1% 232 trimethylchlorosilane (TMCS) was used. Due to the general availability of GC/MS instrumentation 233 in toxicology laboratories and the good analytical performances obtained in this study, this method and diazepam and metabolites (17 compounds) in post-mortem hair samples. The use of an ion trap 269 mass spectrometer was suggested (Bucelli et al., 2009) to screen 16 drugs of abuse in human hair. 270 Despite the flexibility of ion traps to provide an easy switch between full-scan and MS/MS or MS n 271 modes of data acquisition, the method was not expected to provide accurate quantitative 272 determinations, and needs further validation and a more extended panel before it might find and scopolamine) and pharmaceuticals (benzodiazepines, antidepressants and hypnotics) (Lendoiro 280 et al., 2012) . For the entire range of investigated molecules, LODs were 0.2-50 pg/mg and achieved 281 better cut-offs than Society of Hair Testing (SOHT) recommendations. In the screening mode of 282 operation, only one SRM transition per compound was used, but the same procedure could be 283 transformed into a confirmation method with addition of further target-specific SRM transitions 284 (Lendoiro et al., 2012) . Confirmatory analysis of ketamine and norketamine was the objective of a 285 recent study that used molecularly imprinted solid-phase microextraction (MISPE) followed by LC-286 MS/MS (Harun et al., 2010) .
287
An effective method to check for the presence of a wide set of drugs in hair samples was 288 proposed (Nielsen et al., 2010) , to validate an analytical method for the simultaneous screening and 289 quantification of 52 common drugs and pharmaceuticals in hair with the novel UHPLC-TOF-MS 290 technology. The panel of compounds was very broad because it included common drugs of abuse, 291 benzodiazepines, analgesics, antidepressants and antipsychotics. The authors underlined, however, 292 that the TOF instrument was less useful than a triple quadrupole on low-mass molecules, such as 293 amphetamines, due to the presence of high background noise and the consequent lack of sensitivity 294 and linearity (Nielsen et al., 2010) . Similar broad drug screening, based on accurate mass 295 measurements with LC-TOF-MS, was also achieved (Pelander et al., 2008) . Also in this study, the 296 potential to conduct a comprehensive screen (35 targeted analytes) was clearly demonstrated; 297 however, the authors recommended more-specific instrumentation for target confirmation analyses.
298
More recently, an automated screening method for the simultaneous identification and quantitation 299 of 30 compounds (including most drugs of abuse, but also a few anabolic steroids, β-agonists and 300 other pharmaceuticals) in hair samples was proposed with fast LC-TOF-MS (Domínguez-Romero 301 et al., 2011). Progressive instrumental upgrading and method refinement provided improved 302 sensitivity with TOF mass spectrometers to allow the detection of the target compounds in the low 303 pg/mg range (LODs ranged from 5 pg/mg to 50 pg/mg).
304
General screening of unknown drugs in hair samples was performed with LC combined with a 305 quadrupole time-of-flight mass spectrometer (LC-QTOF-MS) (Broecker et al., 2012) . Systematic 306 collection of CID (collision-induced dissociation) spectra from quadrupole-selected protonated 307 molecule used a data-dependent acquisition mode to create a wide dataset to allow the retrospective 308 investigation of potentially toxic substances present in the hair sample. These CID spectra were 309 compared with an accurate-mass CID spectral library created by the authors that contained more 310 than 2500 toxicologically relevant substances (Broecker et al., 2011; Niessen, 2011) . For 24 tested 311 illegal drugs and benzodiazepines, significantly low LODs (3-15 pg/mg) were observed. The 312 method was applied to hair samples from 90 death cases to reveal 212 substances altogether, even if 313 only partial agreement with the positive identifications from urine and blood analysis was found, 314 with many unexpected drugs detected and many reported drugs not detected in hair (Broecker et al., 315 2012). A similar approach was also applied to hair samples (Liu et al., 2010) with an in-house 316 spectral library of about 800 substances for the identification of unknown drugs. In this case, the 317 hybrid QqQ LIT mass spectrometer produced low-resolution CID spectra from mass-selected 318 precursor ions, with good sensitivity provided by the ion-accumulation capability of ion trap. Besides GC and LC, capillary electrophoretic methods were also occasionally used to separate 323 drugs extracted from hair samples and to introduce them into the mass spectrometer. Capillary zone 324 electrophoresis was combined with TOF analysis (CZE-TOF-MS) to detect four amphetamines, 325 ephedrine, opiates, cocaine, and metabolites in hair samples. The method proved suitable for 326 qualitative screening of all drugs below the prescribed cut-off limits, but was not fully satisfactory 327 for accurate quantification, possibly due to the lack of deuterated internal standards (Gottardo et al., 328 2007; Gottardo et al., 2012) . Also, another method, cation-selective exhaustive injection and 329 sweeping micellar electrokinetic chromatography, proved compliant with the cut-off values in hair 330 (Lin et al., 2007) ; however this method and the preceding study represented isolated proposals with 331 no further application in common laboratory practice.
332
Quite uniquely, Jackson et al. proposed to eliminate the chromatographic separation with an 333 ambient ionization technique, defined as low temperature plasma (LTP) ionization, to analyze 334 biological specimens, including urine, saliva, and hair extracts . The method 335 was tested on 14 drugs that belonged to different classes (amphetamine, BZE, cannabidiol, caffeine, cocaine, codeine, diazepam, ephedrine hydrochloride, heroin, ketamine, methadone, 337 methamphetamine, morphine, and THC) with a linear ion trap mass spectrometer in the positive-ion 338 mode. However, LOD values were rather high [ng/mL (i.e., 10 ng/mL) to the mg/mL 339 concentrations] and only one real hair sample was analyzed that showed the presence of cocaine.
340
The main focus of the study was on the potential of LTP ionization and its compatibility with 341 miniaturized and portable instrumentation for on-site screening analysis. (such as cannabis, ecstasy, LSD, or heroin), miscellaneous drugs (e.g., scopolamine), and, most 355 frequently, ethanol (Kintz, 2007b) . The ideal substance to be dispensed to perpetrate a crime is the 356 one that is readily available, easy to administer, able to rapidly impair consciousness, and produce 357 anterograde amnesia (LeBeau & Montgomery, 2010).
358
Among DFCs, a drug-facilitated sexual assault (DFSA) occurs when a person is subjected to 359 unwilling sexual acts while incapacitated or unconscious, due to the effects of ethanol, drugs, and/or 360 other intoxicating substances (generally called "rape drugs"). It is highly unlikely that the specific 361 drug used in a DFSA could be determined only by symptoms because the depressant effects of most 362 of these drugs are similar. This factor makes crucial identification of the administered drug in the 363 victim's biological specimen (Negrusz & Gaensslen, 2003) . It is well-known that sexual assaults are 364 significantly under-and late-reported. Evidently, any delay to report a DFSA implies that the 365 victim's biological fluids (i.e., blood and urine) are not timely collected, hence rendering more 366 difficult the toxicologists' task to identify the incapacitating agent (LeBeau & Mozayani, 2001) .
367
Whenever the natural metabolic processes have eliminated the drug from biological fluids 368 (typically, urine and blood), hair is the most helpful specimen to be investigated (Negrusz et al., 369 2000; Villain et al., 2004; Negrusz et al., 2001; Scott, 2009; Parkin & Brailsford, 2009 (Kintz, 2007b; Villain et al., 2005) . Therefore, the use of highly sensitive instrumental techniques is 378 mandatory in the investigation of DFCs Chèze et al., 2005) . The analytical strategy generally starts with a comprehensive screening for benzodiazepines and 383 other drugs commonly involved in DFCs (Parkin & Brailsford, 2009 ). In recent years, several and two benzodiazepines-like z-drugs (zopiclone and zolpidem) (Hegstad et al., 2008) . Similarly, 389 Irving and Dickson described an LC-MS/MS procedure to detect sedatives in hair and nail samples 390 (Irving & Dickson, 2007) . Nine benzodiazepines, three metabolites, and zopiclone and its 391 metabolite were selected and detected at low level in 50 mg specimen, with LODs that ranged from 392 0.02 pg/mg for zopiclone to 6.00 pg/mg for temazepam. This procedure was applied to the analysis 393 of a hair sample collected 17 months after the occurrence of a DFSA: zopiclone and its metabolite 394 were both detected in different hair segments at concentrations below 7 pg/mg (Irving and Dickson, 395 2007). Our group developed an LC-MS/MS method to detect 14 pharmaceuticals, including 10 396 benzodiazepines, ketamine, scopolamine, zopiclone, and zolpidem with LODs that ranged from 0.2 397 pg/mg for ketamine and zolpidem to 4.0 pg/mg for flunitrazepam (Salomone et al., 2012a) . The 398 method was applied to a real case of segmental analysis of the hair from two women, and showed 399 conclusive discrimination between occasional and therapeutic administration (Salomone et al., 400 2012a ). An interesting study of high-resolution segmental analysis on single hairs was developed to 401 investigate the history of a multiple poisoning case with clozapine (Thieme & Sachs, 2012) . From 402 1-2.5 mm segments of a single hair, a highly-specific LC-MS/MS procedure allowed to detect as 403 little as 30 fg (1 pg/mg) of clozapine and its metabolite norclozapine. The collection of hair samples after a 165 days interval, combined with the subsequent comparison of drug concentration profiles, 405 provided an accurate estimation of hair growth rate for the selected individuals (Thieme & Sachs, 406 2012).
407
Another LC-MS/MS method was proposed and validated (Xiang et al., 2011) for the 408 quantitative determination of 18 benzodiazepines in 20 mg of hair. LODs ranged from 0.2 pg/mg 409 for estazolam to 5 pg/mg for 7-aminoclonazepam, 7-aminonitrazepam, α-hydroxytriazolam, and α-410 hydroxymidazolam. This method determined the distribution of estazolam after single dose intake 411 in hair segments of healthy volunteers: estazolam concentrations ranged between 0.56 pg/mg and 412 2.60 pg/mg. Two real cases were studied with the same method, where the victims of DFCs were 413 exposed to clonazepam: the presence of this drug was found in several hair segments from victim 414 #1, and ranged from 1.63 pg/mg to 15.47 pg/mg, and in two segments from victim #2 at 1.31 pg/mg 415 and 11.93 pg/mg concentrations. The metabolite 7-aminoclonazepam was found in hair segments at 416 considerably higher concentrations than the parent drug to demonstrate the opportunity to include 417 also the main metabolites in the benzodiazepine-screening procedure (Xiang et al., 2011) . Similarly, 418 Kim et al. established and validated an analytical method to simultaneously detect 27 419 benzodiazepines and metabolites plus zolpidem in hair with LC-MS/MS (Kim et al., 2011) . The 420 absolute LODs ranged from 0.005 ng (zolpidem) to 0.5 ng (bromazepam and chlordiazepoxide).
421
The protocol was successfully applied to five forensic cases of either DFCs or benzodiazepines 422 abuse, together with a study on drug incorporation into the hair of rats. As model for human hair, it 423 was proved that rat-hair pigmentation does not have any significant effect on the degree of Analysis of seventeen hair specimens from various forensic cases demonstrated the method 433 applicability: several illicit and prescription drugs were tentatively identified, and subsequently 434 confirmed with two SRM transitions in place of one (Lendoiro et al., 2012) . In all the cited LC-435 MS/MS procedures, triple-quadrupole instruments were used, and proved the efficiency of this 436 instrument for wide multi-analyte screening. Similar LC-MS/MS configuration was also used in 437 confirmation methods specifically designed to determine acepromazine (Gaulier et al., 2008) , 438 the keratin matrix, and used, for the first time, hair collected from rats as a model matrix for FAEE 541 production and hair inclusion (Kulaga et al., 2009) . As expected for neutral and lipophilic 542 molecules such as FAEEs, they concluded that FAEE concentration in hair does not depend on hair 543 pigment. However, they noted that FAEE hair concentration in rats was much lower than that 544 typically observed in humans, at comparable dosage, but still measurable with the analytical 545 protocol adopted. Gareri et al. used the same analytical method to study the potential bias from use 546 of ethanol-containing hair-care products on FAEE concentration measured on hair of a non-547 compliant female population (Gareri et al., 2011) . From the comparison of FAEE and EtG 548 concentrations in the same hair samples, they concluded that use of hair-care products that contain heptadecanoate as the internal standard Kulaga et al., 2006) . They adopted 573 solid-phase extraction (SPE) in place of SPME to isolate FAEEs from hair extracts, followed with 574 either GC/MS or GC/MS/MS in the chemical ionization (CI) mode, with isobutene as the ionizing 575 gas. Unlike EI, which typically leads to an extensive, but nearly identical, fragmentation patterns for 576 all FAEEs, CI virtually generates only the protonated molecule ion, which is distinctive for each 577 ethyl ester. MS/MS performed in an ion-trap device clearly adds specificity to the method. In 578 choosing CI rather than EI for the analysis, good detection limits were achieved (<2.4-6.6 pg/mg), 579 only recently outperformed, as reported above. FAEE-analysis profile was also expanded to six, 580 rather than four esters, by adding ethyl laureate (E12), and ethyl palmitoleate (E16:1), and 581 cumulative analysis of all commonly occurring FAEEs in biological matrices was suggested to 582 provide a more effective way to identify neonates with suspected pre-natal exposure to ethanol 583 Kulaga et al., 2006) .
584
By taking advantage of the preceding experiences, Zimmermann and Jackson proposed a 585 globally revisited analytical method to determine five FAEEs (E12, E14, E16, E18, and E18:1) in 586 human hair, and aimed to combine high sample throughput with analytical performances 587 (Zimmermann & Jackson, 2010) . Instead of extensive washing procedures and an overnight by a recently developed method, which barely reaches an LOD of 100 pg/mg with as much as 100 611 mg of hair in the SIM acquisition mode (Álvarez et al., 2009) . This LOD value is considerably 612 higher than the established cut-off limit to evidence alcohol use disorders (Kintz, 2012b) . spectrometer, and SRM (Paul et al., 2008) . The instrumental analysis followed water extraction, 618 SPE purification, and derivatization with N,O-bis[trimethylsilyl]trifluoroacetamide (BSTFA). An 619 LOD of 5 pg/mg was obtained, and the chromatography cycle was 7.30 min (Paul et al., 2008) . A 620 modified protocol was reported by the same group in 2011, in which the SRM transitions for GHB 621 were added to the same analytical protocol, so as to detect EtG and GHB within a single 622 chromatographic procedure. This combination is of importance in the investigation of drug-623 facilitated crimes, because GHB and alcohol are frequently combined substances used to perpetrate 624 these offences (Paul et al., 2011) .
625
Large-volume injection (LVI) GC-EI-MS/MS was proposed to increase the sensitivity in hair 626 EtG determination. The authors suggested that, upon optimization of streaming volume, purge time, 627 programmable temperature vaporization (PTV) temperature, injection volume, and other 628 experimental parameters, the detection capability can be improved by at least 1-2 orders of 629 magnitude, as compared to the traditional approach (Shi et al., 2010) . Even so, they estimated an 630 LOD value of 5 pg/mg, with 20 mg of hair, as in the method previously cited (Paul et al., 2008) .
631
NCI with methane was proposed as an alternative to EI within a GC/MS/MS protocol in order 632 to improve analytical sensitivity (Kharbouche et al., 2009 ). A high cross-section for electron capture 633 was induced by double derivatization of EtG with perfluoropentanoic anhydride. The choice of two 634 selective SRM transitions allowed high specificity in the analyte identification, despite the fast GC 635 protocol. The estimated LOD value for EtG was 3 pg/mg, with 30 mg hair. This analytical protocol 636 was adopted to analyze rat hair samples, so as to evaluate any potential hair-pigmentation effect on 637 EtG incorporation into the keratin matrix. No statistically significant differences were observed 638 between pigmented and non-pigmented hair (Kharbouche et al., 2010) . The same group also 639 evaluated the possible effect of hair-care products on EtG incorporation (Sporkert et al., 2012) . structurally related to cocaine (King & Kicman, 2011) .
640

III. FUTURE TRENDS OF HAIR ANALYSIS
808
Reference standards for most designer-drugs metabolites are not yet commercially available.
809
That lack of standards poses a serious and longstanding challenge to toxicological laboratories to 810 develop analytical procedures to detect their presence in a variety of biological matrices.
811
Nevertheless, several analytical methods were developed to determine some of these new 812 psychoactive substances and/or their metabolites in either blood or urine (Moran et al., 2011; 813 Grigoryev et al., 2011; Dresen et al., 2011; Teske et al., 2010; Wintermeyer et al., 2010; Beuck et 814 al., 2011; Kraemer et al., 2009; Sobolevsky, Prasolov, & Rodchenkov, 2010) . On the other hand, 815 only very few studies have been published to date that describe protocols for the detection of these 816 substances in hair samples. 817 In a Letter to the Editor, Torrance and Cooper reported the detection of mephedrone in hair 818 samples at 4.2 and 4.7 ng/mg concentration with a ISO/17025 accredited method, but details on the 819 analytical method used and comments or interpretations of results were not included (Torrance & 820 Cooper, 2010) . A specific and accurate method for mephedrone detection with GC/MS was 821 proposed (Martin et al., 2012) . The study reported that 67 real hair samples were analyzed -10 were 822 found positive, with mephedrone concentrations from 0.2 to 313.2 ng/mg; 8 of them were below 6 823 ng/mg. As for amphetamines, it is deduced that mephedrone concentrations in hair are likely in the 824 ng/mg, not pg/mg, at least in the cases of repeated abuse (Martin et al., 2012) . Detection of 825 piperazine-like compounds was meticulously described (Barroso et al., 2010b) . This study was the 826 first to report the development and validation of an analytical method for the determination of three 827 phenylpiperazines in hair samples. Trimethylsilyl derivatives were determined with GC/MS, and 828 the method was applied to autoptic samples and samples collected from subjects under psychiatric 829 evaluation.
830
The first multiclass screening for synthetic cannabinoids in hair samples was published recently 831 (Salomone et al., 2012b) . In this study, a UHPLC-MS/MS procedure was developed and validated instrumental sensitivity, before generalized application can be found in the chronological 887 assessment of drug intake.
888
The scientific literature reports no studies on the application of isotope-ratio mass spectrometry 889 (IRMS) to hair analysis to discriminate the natural vs. exogenic origin of substances present therein.
890
The substances of interest might include doping agents, such as steroids, as well as a common rape 891 drug; i.e., gamma-hydroxybutyric acid. The reasons for this lack can be found again in the limited 892 sensitivity of the technique, the restricted sample availability, the complexity of its purification, and 893 that specificity provided by mass selection is lost in the combustion process. The chance of using 894 IRMS to detect the illegal administration of drugs over extended periods of time, as it might occur 895 for androgenic steroids, will possibly push some scientific efforts in this direction in the near future. 896 In general, the recent major improvements of MS and chromatographic instrumentation have 897 driven forensic toxicology toward previously inconceivable results. Among these studies, it is 898 impressive to note that hair analysis can nowadays provide evidence of a single administration of 899 drugs. The continuous enhancement of MS sensitivity progressively reduces the amount of hair 900 sample needed for the chemical analysis, and extends the chance to investigate newborn children, to 901 detect pre-natal drugs exposure. The scientific goal to gain toxicological information from a single 902 hair has already started, in a worthy competition with forensic genetics. Further unexpected 903 developments of MS instruments are likely to have immediate impact also in the investigations of 904 forensic toxicology, and in particular in hair analysis. 
IV. ABBREVIATIONS
909
All abbreviations and acronyms used in this article are listed in Table 2 . 
